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Stress Migration Test Structure 
And Method Therefor 

Technical Field 

This invention relates to integrated circuits, and in particular to an improved test 
structure for determining stress migration characteristics of conductors in integrated 
circuits. 

Background of the Invention 

The reliability of integrated circuits is a significant factor in their production and 
use. During the manufacturing process, process parameters are controlled to ensure high 
reliability in all stages of the manufacturing process. Where feasible, tests are performed 
at intermediate stages of production so corrective action can be taken if necessary. The 
importance of precise control of parameters will be appreciated when it is realized that 
integrated circuit manufacture requires hundreds of steps. The steps typically process 
one or more wafers, each containing multiple integrated circuits, or chips. Completion of 
all steps for each wafer typically requires several weeks. A large inventory of very 
valuable product is in process at any point in time. Should a process parameter be out of 
specification, it may be several weeks before it is discovered, thereby resulting in a 
significant economic loss of wafers in-process and in time to getting product to market. 

One area of concern is the stress migration characteristics of traces or conductors, 
such as metal (e.g. aluminum, aluminum alloys, refractory metal, copper, copper alloys, 
gold, gold alloys, silver, silver alloys, etc.) and doped polysilicon, in an integrated circuit. 
Stress migration is the movement of atoms of the material from which the conductor is 
fabricated, leaving behind voids that enlarge over time, due to the stress of being 
confined within a more rigid structure such as an insulator, and more specifically an 
oxide. 

Figure 9 shows a scanning electron microscope photograph of a stress migration 
void 910 in an aluminum alloy trace or conductor 920 in an integrated circuit In Figure 
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of the conduction path varies based on many factors, including but not limited to, whether 
stress migration voids are present, the extent to which stress migration voids that are 
present extend through the trace or glue layer, whether the trace is fabricated of one or 
more than one conduction paths, the sheet resistance or per unit impedance of the 
materials of which the conduction path is fabricated, and the height and width dimensions 
of the cross section of the conduction path or parallel conduction paths. 

A need exists for a stress migration test structure and method of determining 
stress migration voids that can be used in manual or automated processes to determine the 
presence of stress migration voids in conduction paths such as traces on an integrated 
circuit. Such a stress migration test structure and method could be useful both at wafer 
test and package test. The stress migration test structure could be a stand-alone structure 
or could be a cell in an integrated circuit such that even after the integrated circuit is 
packaged, stress migration voids in the stress migration test structure within the 
integrated circuit could be evaluated. The number and severity of stress migration voids 
in the conductors of a stress migration test structure could be used as indicia to infer the 
viability of all conductors located on a chip, on a wafer, or on an integrated circuit. 
Summary of the Invention 

In accordance with the present invention, a stress migration test structure is 
provided that can be used to detect stress migration defects such as voids in metal 
conductors of integrated circuits. The stress migration test structure can be placed 
between die areas on a wafer, or on a die. On the die, a stress migration test structure can 
be placed in otherwise unused areas of a die such as between bond pads and the periphery 
of a die, in a layer beneath bond pads, in a region between the bond pads and the 
perimeter of standard area for circuit layout, or in regions in more than one level, such as 
metal, of the circuitry on a die. The stress migration test structure may also be placed 
within the standard area for circuit layout and used, with some additional circuitry, as a 
stress migration test structure on an integrated circuit once the die is packaged. 
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Obtaining information from the impedance segments of a stress migration test structure 
can be accomplished employing either a mechanical stepping or an electrical stepping 
technique. 

Brief Description of the Drawings 

5 Figure 1 is an illustrative embodiment stress migration test structure capable of 

detecting stress migration voids in accordance with the present invention; 

Figure 2 is an alternate illustrative embodiment stress migration test structure 
capable of detecting stress migration voids in accordance with the present invention in 
which the stress migration test structure serpentines boustrophedonically back and forth, 

y, 10 including several direction reversals; 

□ 

% Figure 3 is a wafer having a plurality of dies arranged thereon, with locations 

O therebetween and thereamong for stress migration test structures at various locations 

y3 throughout the wafer; 

J Figure 4 is a die with bonds pads around the periphery having locations proximate 

■ 15 the bond pads for stress migration test structures; 

p Figure 5 is a stress migration test structure with additional circuitry capable of 

5 ? 

automated electrical stepping for use in an integrated circuit; 

Figure 6 is the stress migration test structure and circuitry of Figure 5 configured 
as part of an integrated circuit where access to the stress migration test structure interface 
20 leads is multiplexed or otherwise shared with other inputs or outputs of the integrated 
circuit; 

Figure 7 is an alternate embodiment stress migration test structure and circuitry; 
Figure 8 illustrates a portion of a stress migration test structure on multiple metal 
layers in an integrated circuit; 
25 Figure 9 is a scanning electron microscope photograph (photomicrograph) of a 

stress migration void in an aluminum alloy conductor; and 
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Figure 10 illustrates a cross-section of an aluminum alloy conductor on a wafer, 
coated by a layer of dielectric material. 
Detailed Description 

An illustrative embodiment of a stress migration test structure 10 in accordance 
5 with the present invention is shown in Figure 1. The stress migration test structure 
advantageously employs a metal runner having taps defining resistors, impedance 
segments, or resistor segments having an impedance magnitude that results in stress 
migration voids, if present, being a substantial influence on the impedance, or resistance, 
between any two taps between which a stress migration void occurs. The term 

U 10 impedance will be used, however, it is realized that the metal runner illustrated exhibits a 
resistance. In the illustrative embodiment, the stress migration test structure 10 is a metal 

O runner 12 forming a plurality of resistors 14 each of substantially the same impedance. 

yg However, resistors 14 may be of different values of impedance as long as there is a 

method to identify the expected impedance. The metal runner 12 is suitable for 

s 15 fabrication in the form of a monolithic integrated circuit. The number of resistors is 



W 

Mb 

o 



designated as n, a user determined number. The resistors 14 are designated as Ri through 
R n and a reference to a resistor generally may be to resistor R\. Resistors 14 each have an 
impedance that is application dependent and, in part, are dependent on the magnitude of 
stress migration voids present that are desired to detect. 

20 As illustrated in the illustrative embodiment in Figure 1 , stress migration test 

structure 10 is a thin film metal runner 12 that has a known or measurable sheet 
resistance per square of metal forming runner 12. The sheet resistance of a square of 
uniform thickness metal is constant without regard to the length of an edge of the square. 
The resistors 14 are typically a thin film metal resistor of aluminum on a silicon substrate 

25 forming an integrated circuit, although the invention is not limited thereto. A typical 
sheet resistance value is on the order of 0.04 ohms per square. Taps 16 typically extend 
from metal runner 12 at each end as well as at intervals of known resistance. In a 
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preferred embodiment, taps 16 extend from metal runner 12 at each end as well as at 
substantially equal intervals. Taps 16 may have various shapes and may couple to a via 
18. If the metal runner is ideal, that is the metal runner has no stress migration voids, is 
of uniform thickness, width, and resistance per unit-square, and has taps that are 
uniformly spaced along the runner, then the impedance of any resistor R u between any 
two taps, will be the same as the impedance of any other resistor formed in metal runner 
12. That is, the impedance of any resistor 14 in stress migration test structure 10 will be 
the same as the impedance of any other resistor 14 in stress migration test structure 10. 

In order for a resistor string to be useful as a stress migration test structure, the 
resistor string must be of sufficient length to develop axial stress above the threshold for 
nucleating voids. The length of the resistor string that is of sufficient length to develop 
axial stress above the threshold for nucleating voids would differ for each line width 
technology. For typical complementary metal oxide semiconductor 0.35-micrometer line 
width technology, a resistor length of at least approximately 100 micrometers is required. 
Other considerations for practical use of a resistor string as a stress migration test 
structure include a minimum length to saturate steady-state void size of approximately 
400 micrometers and a minimum length to saturate rate-of-void-growth of approximately 
2,000 micrometers. Longer length resistor strings, or many replicate patterns, would 
result in more data on which to base statistical evaluations, with little additional gain for a 
resistor string having a length of approximately 20,000 micrometers. Thus, typical 
resistor string lengths would range from 400 micrometers to 20,000 micrometers for 0.35 
micrometer line width technology. 

As illustrated in Figure 1, the width, w, of metal runner 12 forming a resistor 
string conductor is preferably the minimum line width permitted by the design rules for 
the particular technology. The minimum distance, d, between taps preferably 
encompasses at least ten crystallographic grains of the metal of which the metal runner is 
fabricated. Furthermore, the tap conductor extending to a via (used to provide 
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intermediate tap to the resistor string) is preferably of the minimum line width permitted 
by the design rules for the technology to avoid perturbing axial stress in the resistor 
string. In addition, the length, 1, of a tap conductor 20 extending from the resistor string 
to a via must be kept short, preferably no longer than 10 micrometers to minimize or 

5 avoid stress migration in the tap conductor 20. 

i — — **7 A combination of factors, not just the size of the metei runner alone, accounts for 



the ability of the stress migration test structure 10 to detect stress migration voids, and 
concomitantly permits an inference of the presence or absence of stress migration voids 
in other conductors similarly manufactured. The factors include the voltage across the 



10 resistance string, the voltage measurement resolution of the test hardware, the expected 



magnitude of impedance deviation from the ideal impedance expected in the presence of 

/ 

a stress migration void, the probability of finding a stress migration void in a length of 
metal runner between two adjacent taps, and the desired confidence that the resistor string 
is free of stress migration voids. A stres^migration void can be detected by placing a 

15 tolerance on the measured impedance between any two adjacent taps of the stress 

migration test structure, as compared/to an ideal expected impedance, or an average of 
the individual resistor impedances where the taps are uniformly spaced. The magnitude 
of the tolerance is one factor in determining the size of stress migration voids detected. 
The tolerance is determined empirically by determining the minimum stress migration 

20 void size for maintaining mechanical integrity of structural materials surrounding the 
void, by acceptable degradation in electromigratioin design rules, and by acceptable 
change in resistance according to electrical design consideration. Typically, 25 percent 

line width or cross-section penetration is the maximum allowable void size. The number 

i 

of resistors, R n , in the/runner of stress migration test structure 10 is dependent on the 

/ 

25 probability of growing a void in any unit of runner length, which depends on the 

/ 

microstructure of the metal including the crystallographic grain size (local ordered 
arrangement of atoms, e.g., cubic symmetry, face-centered cubic, body-centered cubic, 
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'hexagonal, etc.), thickness o 



v of the metal, mechanical stress for barrier layer, anti-reflection 
coatings on top of runner^and modulus for dielectric coating overlying the metal runner. 

The stress migration test structure 10 as illustrated in Figure 1 is shown with a 
metal runner that extends in a straight line, although the invention is not limited thereto. 
5 In some applications, the aspect ratio of the space available for fabrication of stress 
migration test structures may not accommodate a metal runner that extends in a straight 
line. A metal runner that takes on other shapes may be utilized. For example, a metal 
runner may include one or more direction changes or reversals, which increases the 
difficulty of maintaining the resistance of each of the resistors substantially the same. 

y» 10 Referring to Figure 2, an alternate embodiment stress migration test structure 210 

Q 

g in which metal runner 234 serpentines boustrophedonically back and forth is illustrated. 

Taps To, Tj, T2, T3, T n , and T n +i extend from metal runner 234 at substantially equal 
resistance intervals. When employing a metal runner 234 that serpentines back and forth 
to assure the theoretical impedance of the metal, which is the impedance of the metal 



5 15 runner absent any stress migration voids, between any two taps is constant, particularly 

U 

rj due to changing direction of the metal runner, the present invention may employ the 

j*f direction change feature taught in U. S. Patent 5,534,862, the disclosure of which is 

O hereby incorporated by reference. 

jag: 

The stress migration test structures 10 and 210 may be fabricated in any level or 
20 levels of conductors of an integrated circuit. The taps, if not available directly, may be 
accessible from the top surface of a wafer or chip utilizing vias. Vias are vertical 
conduction paths that interconnect conductor levels, with bond pads capable of being 
engaged by a probe at the uppermost level. The taps 16 and Ti of stress migration test 
structures 10 and 210, respectively, are capable of being accessed by test equipment 
25 during testing. During testing, probes contact taps 16 and T\ , and measure the 

impedance therebetween, or measure impedance between taps and compare the measured 
impedance to an expected impedance between the taps or a reference impedance. 
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A stress migration void test method includes several steps. In a preferred 
embodiment stress migration test method for wafer testing, probes contact adjacent taps 
and measure the impedance of resistor R14 of the metal runner 12 or 234 therebetween. 
To effectively detect stress migration voids, the impedance of the conduction path, metal 
5 runner 12 or 234, between adjacent taps must be small enough that the variation of 
impedance between taps due to a stress migration void of the magnitude desired to be 
detected, is a substantial or at least detectable portion of the impedance of the conduction 
path, or metal runner, between adjacent taps absent stress migration voids. Providing an 
impedance R\ of appropriate impedance is achieved by placing taps 16 or Ti sufficiently 

y, 10 close together along the conduction path to result in the desired magnitude of impedance 

— between taps. 

Q One technique to accurately measure impedances of small magnitude that avoids 

M 

£j errors due to probe contact resistance is a method known as Kelvin sensing. Kelvin 

J sensing employs two sets of two probes, for a total of four probes. The stress migration 

3 15 test structure is a metal runner that consists of a series of resistors or impedance 
p segments. Each segment extends from one tap to an adjacent tap. An impedance 

* measurement of one segment is made using four taps and the three contiguous 

interdigitated segments of the metal runner between the four taps. The impedance of the 
center segment of the three contiguous segments is measured. The outer two probes 
20 engage the most distant two of the four taps, and establish a known current (I) betweeen 
the outermost two of the four taps. The inner two taps, coupled across the segment of the 
conductive runner whose impedance is being determined, are employed to measure the 
resultant voltage (V) developed across the resistor or segment of stress migration test 
structure 10 between the two inner taps. The impedance of the resistor or segment of the 
25 metal runner between the two inner taps can then be determined through the application 
of Ohm's law, Z = V / 1. The application of Ohm's law may be accomplished by the test 
equipment, and stored for future use. In this manner, the impedance of one resistor or 
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segment of stress migration test structure 10 or 210 has been determined. The four 
probes are then shifted by one tap and the impedance of another resistor determined. Note 
that three of the four taps are the same taps used in determining the impedance of the 
previous resistor or segment of the stress migration test structure. This process continues 
to determine the impedance of the other resistors or segments. Other methods may also 
be used to determine the impedance of segments of the metal runner of stress migration 
test structure 10 or 210. 



p 



f/j^ Using the Kelvin sensing measurement technique described above, starting at one 

\ end of the stress migration test structure and using four taps, apply a known current 

10 between the outer two of four probes and measure the devdDped voltage between the two 

inner probes, then compute and store for subsequent processing the impedance of the 

O second segment of the stress migration test structure./Note when using the Kelvin 

method, the first segment is unavailable for measurement. If the taps, where the probes 

^ will contact, are arranged in a pattern, an automated probe positioning tool can be used to 

s 15 step through the taps to measure the impedance of the segments of the stress migration 
M= / 

q test structure 10 or 210. The step to a newsgroup of taps, apply a current, measure the 

^7 developed voltage, determine the impedance by application of Ohm's law, store the 

□ impedance, technique is repeated until/the impedance of all but the last segment of the 

^ stress migration test structure have^een recorded. The last segment of the stress 

20 migration test structure is also unavailable for Kelvin measurement. The impedance of 
each of the segments of the stress migration test structure except the two end segments 



are known. The impedance of the first and last segments of the stress migration test 
structure may be ignored in subsequent calculations. 



Stress migration test structures 10 or 210 are comprised of many segments. In a 
25 viable process, the number of segments of the stress migration test structure that contain 
voids is expected to be a small percentage of the total number of segments of the stress 
migration test structure. Sheet resistance of metalization can vary over a large range, as 
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much as plus or minus 50% from one processing run to the next, making advance 
determination of impedance for a given segment untrustworthy. Such variation 
compounds the difficulty to determine whether a segment under test contains stress 
migration voids. A more accurate approach is to take advantage of the statistical nature 
of variation in sheet resistance due to variations in processing, in that the relative 
impedance of segments of stress migration test structure that do not have stress migration 
voids typically will be within a small percentage, such as less than one percent, of each 
other, even in the presence of an unknown absolute sheet resistance value due to sheet 
resistance variations. 

The average value of segment impedance is determined, such as by summing the 
impedance of the individual segments of the stress migration test structure and dividing 
by the number of segments whose impedance was determined. The determined 
impedance of all segments may be included in the average segment impedance since a 
determination of which segments contain stress migration voids and which segments do 
not contain stress migration voids has not yet been made. The average segment 
impedance is the nominal segment impedance, taking into account processing variations 
in conductor sheet resistance. 

The impedance of a resistor segment having a stress migration void of a percent 
line width or cross section penetration that is the maximum allowable void size for a 
given line width technology can be calculated mathematically, or can be determined 
empirically. For example, to ascertain the impedance of a resistor having the maxim 
allowable stress migration void size, the impedance of a number of resistor segments 
having the maximum allowable stress migration void can be determined as indicated 
above, and averaged to improve the accuracy of the determined impedance, producing a 
threshold impedance. The threshold impedance represents the impedance at or above 
which a resistor or segment of a stress migration test structure is considered to contain a 
stress migration void. The impedance of a segment that has one or more stress migration 
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voids is greater than the impedance of a segment that does not have a stress migration 
void. 

While the determined impedance of each resistor or segment of the stress 
migration test structure could be compared to the threshold impedance to determine 
5 whether a stress migration void is present in a particular resistor or segment, the presence 
of a stress migration void using this comparison may be unobservable in the noise. It is 
desirable to make the impedance of a resistor or segment of the stress migration test 
structure having a stress migration void stand out of the noise and be larger than the 
random variation of resistor or segment impedance due to fabrication processes, 
10 including uniformity of metal deposition. A technique to make the presence of a stress 
JSj migration void observable above the noise divides the determined impedance of each 

O resistor or segment by the nominal segment impedance in a normalization process, 

y3 producing a corresponding impedance ratio for each resistor or segment of stress 

Jpj migration test structure 10 or 210. Calculation of an impedance ratio may or may not 

3 15 explicitly produce the intermediate terms described herein. 

q An impedance ratio threshold is generated by dividing the threshold impedance 

by the nominal segment impedance. The impedance ratio threshold so calculated may be 

O adjusted to detect stress migration voids of a percent line width or cross section 

penetration desired. 

20 Segments of stress migration test structure 10 or 210 that do not have stress 

migration voids will have an impedance ratio of approximately one. The impedance ratio 
of each resistor or segment of stress migration test structure 10 or 210 is compared to the 
impedance ratio threshold. If the impedance ratio associated with a resistor or segment of 
stress migration test structure 10 or 210 is less than the impedance ratio threshold, a 

25 decision is made that a stress migration void does not exist in the corresponding resistor 
or segment of the stress migration test structure 10 or 210. 
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Segments of stress migration test structure 10 or 210 that have stress migration 
voids will have an impedance ratio of greater than one. If in the comparison of the 
impedance ratio of each resistor or segment of stress migration test structure 10 or 210 to 
the impedance ratio threshold, the impedance ratio associated with a resistor or segment 
of stress migration test structure 10 or 210 equals or exceeds the impedance ratio 
threshold, a decision is made that a stress migration void exists in the corresponding 
resistor or segment of the stress migration test structure 10 or 210. In this manner, a 
determination is made whether each resistor or segment of the stress migration test 
structure 10 or 210 contains or does not contain a stress migration void. 

Because each impedance ratio is associated with a resistor or segment of stress 
migration test structure 10 or 210, when an impedance ratio equals or exceeds the 
impedance ratio threshold, thereby indicating that the associated resistor or segment of 
stress migration test structure 10 or 210 contains a stress migration void, the resistor or 
segment that contains a stress migration void can be identified, located within the stress 
migration test structure, and observed using an electron microscope or other tools to 
diagnose a cause of the stress migration void. 

Stress migration test structure 10 or 210 can be used to determine the difference 
between intermetallic reactions, which are higher-resistance compounds formed between 
materials in the individual films, and stress migration void growth. Intermetallic 
reactions will grow uniformly at the interface between layers in a multi-layer metal 
conductor. In other words, resistance differential between the original metal layers and 
the layer formed by their reaction will be the same for each segment. Conversely, the 
differential resistance between the original metal layers and any reaction-product layer 
will be substantially greater for segments containing stress migration voids. If stress 
migration void test result data, that is impedance per resistor or segment, is retained 
according to spatial statistics (which means tracking impedance values for individual 
resistors or segments, together with the physical distance between deviatory resistors or 
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segments), analysis of stress migration void test result data can also yield a measure of 
both the size and density of stress migration voids. If the stress migration void test 
procedure is repeated at different times, the resulting stress migration void data can 
determine whether stress migration has saturated, or whether stress migration will get 
5 worse with the passage of additional time. 

The material of the conduction path in the stress migration test structure is 
assumed to be typical of the material of conduction paths throughout a wafer, albeit there 
may be several stress migration test structures located at various locations throughout the 
wafer. Finding several stress migration voids in one conduction path, such as runner 12 or 
M= 10 234, or several stress migration voids on a wafer, can be used as feedback information to 
p change process parameters to improve the manufacturing process such that fewer stress 

Q migration voids are present in wafers, or regions of wafers, that are processed subsequent 

-a 

yg to changing the process parameters. Finding more than an acceptable number of stress 

Q 

J migration voids on one or more wafers might suggest that an individual chip should not 

3 15 be packaged as an integrated circuit. Also, finding more than an acceptable number of 
p stress migration voids on one or more wafers might suggest that a batch of wafers should 

be scrapped rather than further value added to dice the wafers and package the chips into 
integrated circuits. 

Referring to Figure 3, a wafer 350 is illustrated having a plurality of dies 352 
20 formed in a relatively uniform pattern thereon. Adjacent dies 352 are separated by 
intersecting transverse streets, here rep resented as vertical streets 354 and horizontal 
streets 356. What is considered a horizontal or vertical street is relative to orientation of 
wafer 350 for the purpose of distinguishing one from the other. Streets 354 and 356 may 
or may not be of the same width and distance apart. In current line width technologies, 
25 the streets are approximately 80 microns wide. Stress migration test structures 10 and 
210 may be located throughout wafer 350 in streets 354 and 356, such as between and 
among dies 352. Note that other test structures including but not limited to the 
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electromigration monitor disclosed in US patent 5,264,377, and the line width control 
feature disclosed in US patent 5,780,316, the disclosures of which are hereby 
incorporated by reference, may also be located in streets 354 and 356 throughout wafer 
350. 

5 Locations for stress migration test structures, indicated as broken-line boxes in the 

streets, are located throughout wafer 350. Locations 360 are between adjacent dies 352 
in a vertical street 354. Locations 362 are between adjacent dies 352 in a horizontal 
street 356. Locations 364 are among four dies 352 in both vertical street 354 and 
horizontal street 356, predominantly in a vertical street 354. Locations 366 are among 

M= 10 four dies 352 in both vertical street 354 and horizontal street 356, predominantly in a 

Q 

p horizontal street 356. 

O Wafers 350 are cut within streets 354 and 356 with a saw, as is known in the art, 

yg to separate the individual dies. Being sawn or cut to form the individual dies 352 is 



D 



referred to as being diced. When separated, the individual dies are typically referred to as 



3 15 a chip 358. A chip 358 includes a circuit layout area and bond pads of a die 352, and 
q additionally a portion of the substrate forming streets 354 and 356, along edges of the die, 

f*j not cut away by the dicing process. The saw blade used to cut a wafer into dies has a kerf 

O 370 that does not cut into dies 352. Broken lines 372 in the streets 354 and 356 illustrate 

the saw kerf 370, the width of the saw cut due to the saw blade having a finite width. The 
20 saw kerf 370, which has a finite width that is narrower than streets 354 and 356, does not 
remove all of streets 354 and 356, and therefore does not necessarily remove all of a 
stress migration test structure located in streets 354 or 356. Thus, a subset of chips 358, 
designated chips 380, will have a portion 382 of a stress migration test structure 10 or 
210 along one or more edges, even after the chip 380 is packaged as an integrated circuit. 
25 How much of a stress migration test structure 10 or 210 remains as portion 382 on a chip 
depends on several factors including but not limited to the width of a street 354 or 356, 
the width of saw kerf 370, the dimensions (length and width) of the stress migration test 
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structure, and the position of a stress migration test structure (for example, location 360 
or 362 versus location 364 or 366), or the position of a stress migration test structure 
relative to where the saw kerf is cut in a street. 

Stress migration test structures 10 and 210 need not only be placed in streets as 
discussed above. Stress migration test structures may be placed in regions that are 
otherwise unused die or chip areas as discussed with respect to Figure 4, or may be 
included as part of a circuit on an integrated circuit as discussed below with respect to 
Figures 5, 6 and 7. 

Referring to Figure 4, stress migration test structures 410, may be placed on a die 
448 or chip 450 in an otherwise unused area. In Figure 4, several otherwise unused areas 
of die 448 or chip 450 are illustrated. Bond pads 454 are located proximate the periphery 
of a die 448 to accommodate wire bonding between a bond pad and a respective lead of a 
lead frame. However, some space exists both between the bond pads 454 and the 
periphery 456 of chip 450, and between the bond pads 454 and the periphery 460 of the 
standard area for circuit layout on a die 448. As illustrated by locations 452, a stress 
migration test structure may be located between bond pads 454 and the periphery 456 of 
a chip 450. Stress migration test structures 410 may also be placed in locations 462 
between the periphery 460 of the standard area for circuit layout on a die or chip and 
bond pads 454. Additionally, stress migration test structures 410 may be placed in 
locations 464 on a lower-level metal, directly beneath bond pads 454. Locations 452, 
462, and 464 are indicated on Figure 4 as representing potential sites for a stress 
migration test structure 410. 

Since stress migration voids enlarge with the passage of time and may be affected 
by different assembly processes, it is desirable to have the capability to evaluate stress 
migration voids not just at the completion of manufacture of die 448 on wafers, but also 
after a chip 450 has been packaged as an integrated circuit. Some integrated circuits are 
stored for long time periods after fabrication, while other integrated circuits are 
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incorporated into products that may be stored a long time period before being placed into 
service. Furthermore, integrated circuits may be placed in an application that has a long 
life. 

Figure 5 illustrates, in schematic diagram form, a stress migration test structure 10 
or 210 implemented with additional circuitry for electrically controlled selection of the 
resistor or segment of a stress migration test structure 510 under test, suitable for 
incorporation in an integrated circuit. In Figure 5, the stress migration test structure 510 
is substantially the same as stress migration test structure 10, 210 or 410. Stress 
migration circuitry 550 includes a stress migration test structure 510 having taps To 
through T n + 1 at equal impedance intervals of stress migration test structure 510. As in 
stress migration test structures 10, 210, or 410, the impedance intervals need not be equal, 
but equal impedance intervals and hence equal impedances simplify the analysis as well 
as detection of stress migration voids. A power source 512, which may be a voltage or 
current source, such as a constant current source or voltage source with supply current 
measuring capability, is coupled across the stress migration test structure 510. Power 
source 512 provides a known or measurable current (I) to stress migration test structure 
510. For single ended operation, T n +! may be ground potential. A switching transistor 
514 has its source-drain path coupled to conduct current from power source 512 to the 
stress migration test structure 510. The gate 516 of transistor 514 may be used to switch 
the state of transistor 514 between an off state and an on state. Transistor 514 may be 
employed as an on-off switch to control power to stress migration test structure 510, 
allowing stress migration test structure 510 to consume power when the stress migration 
test structure 510 is being used. The control and measurement signals applied to nodes 
516, 518, 520, and 526 may be coupled to dedicated bond pads on the die or may be 
coupled to bond pads on the die that are shared, such as through a multiplexer. These 
signals may or may not be accessible outside the integrated circuit once the die is 
encapsulated in a package as an integrated circuit. 
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Switches MA o through MA n + 1 are each coupled between a corresponding one of 
intermediate taps T 0 through T n + 1 , and output node 518. Switches MB 0 through MB n +i 
are each coupled between a corresponding one of intermediate taps T 0 through T n + 1 and 
output node 520. Nodes 5 1 8 and 520 provide access to the voltage (V) developed across 
segment Rj of stress migration test structure 5 10 by energy source 5 12 of known or 
measured current (I). As in the testing technique for wafers described above, the resistor 
or segment impedance is calculated by Ohm's law Z = V / 1. Alternatively, the voltage 
developed across a segment, Rj, could be determined as the difference between the 
voltage developed at node 518 as referenced to a reference potential, such as at node T n+ i, 
and the voltage developed at node 520 as referenced to the same reference potential, or as 
referenced to another reference potential if the difference between the two reference 
potentials is known or can be determined. In the illustrative embodiment, the switches 
are metal oxide semiconductor (MOS) transistors. Switches MA 0 through MA n + i are 
controlled by first switching transistor selection and driver circuit 522. Switches MBo 
through MB n + i are controlled by second switching transistor selection and driver circuit 
524. Since a binary input of K bits to the transistor selection and driver circuit can be 
converted into the drives for all n + 2 transistors driven by each circuit, K bits are 
provided to each circuit 522 and 524. 

Advantage may be taken of the pre-existing knowledge that adjacent taps will be 
coupled to respective output nodes 518 and 520. Thus, the same K bits may be provided 
on lines 526 as inputs to both first switching transistor selection and driver circuit 522 
and second switching transistor selection and driver circuit 524. One of the circuits will 
shift by one tap, the tap that couples to its respective output node 518 or 520. For 
example, circuit 522 may add one to the tap identified by the k-bit input 526, or circuit 
524 may subtract one from the tap identified by the k-bit input at node 526. One skilled 
in the art could design a counter to sequence through the binary inputs to node 526 
necessary to test the impedance or resistance of each segment of stress migration test 



18 



H. S. Fetterman 7-17 



structure 510, and hence stress migration voids, between adjacent pairs of taps in a metal 
runner of stress migration test structure 510. Of course, the range of binary inputs at 
node 526 would be adjusted correspondingly depending on the number of segments in 
stress migration test structure 510 and also the number of taps, Tj. The processing steps 
within circuitry 550 to determine the segments of stress migration test structure 510 that 
have a stress migration void closely follow the steps described above for stress migration 
test structures 10 and 210 with the exception of the mechanical stepping of the probes, 
since in circuitry 550 stepping from one set of taps to determine the impedance of a 
segment of stress migration test structure to another set of taps to determine the 
impedance of another segment of stress migration test structure is implemented 
electronically using counters and switches. 

Of course, the impedance or resistance between any two taps T 0 through T n+ i 
could be determined by providing independent inputs to first switching transistor 
selection and driver circuit 522 and second switching transistor selection and driver 
circuit 524 and observing the corresponding voltage developed across output nodes 518 
and 520. Processing steps could be taken as described above with respect to the test 
procedure for stress migration test structures 10 and 210. 

Figure 6 illustrates stress migration circuitry 550 which incorporates stress 
migration test structure 510 as well as additional circuitry for multiplexing or otherwise 
sharing the control and measurement nodes 516,518, 520, and 526 with other input or 
output leads of an integrated circuit 620. The embodiment of the invention illustrated in 
Figure 6 includes the advantage of providing conditional access to the stress migration 
test structure while it is encapsulated in a package, thus providing for the detection of 
stress migration voids subsequent to the manufacture of an integrated circuit 620. 
Detection of stress migration voids, therefore, can be detected while integrated circuit 
620 is in a simulated accelerated aging environment or while integrated circuit 620 is in 
the actual environmental conditions under which integrated circuits are used. 
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Integrated circuit 620 has a plurality of leads 622 proximate the periphery that 
may be inputs to integrated circuit 620 or outputs from integrated circuit 620, or both. 
Leads 622 may be dedicated to a single function or may be shared between or among 
more than one function. Integrated circuit 620 includes stress migration circuitry 550 
receiving inputs from leads 622. Inputs to stress migration circuitry 550 are received on 
leads 622 and pass through respective multiplexers 624. A select input 626 to 
multiplexers driven by a signal from a TEST lead 622 determines whether the inputs are 
directed to stress migration circuitry 550 or to other circuits (not shown). Similarly, 
outputs from stress migration circuitry 550 are provided as inputs to multiplexers 628. 
By sharing leads between the stress migration circuitry 550, which may be operated in a 
test mode, and other circuitry in a non-test mode, the number of leads required for the 
integrated circuit does not increase. However, a small amount of additional on-chip 
circuitry is required to perform the switching function between inputs and outputs 
available during test mode operation, and the inputs and outputs available during 
operation other than in the test mode operation. The additional on-chip circuitry to 
perform the switching function may be located on a different level from the stress 
migration circuitry 550. Evaluation of stress migration test structure 510 using stress 
migration circuitry 550 begins with the multiplex "TEST" signals 626 and 630 being set 
to enable access to nodes 516, 618, 520 and 526. Thereafter the evaluation follows the 
procedure described above for the stress migration test structure of Figure 5. A select 
input 630 to multiplexers 628 driven by a signal from a TEST lead 622 determines 
whether the outputs provided to output leads 622 are from stress migration circuitry 550 
or from other inputs to multiplexers 628. 

Dedicated leads as inputs and outputs from stress migration circuitry 550 could be 
provided by eliminating multiplexers 624 and 628 and providing dedicated input leads 
coupled to input nodes of stress migration circuitry 550 as well as dedicated output leads 
coupled to output nodes of stress migration circuitry 550. Providing dedicated input and 
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output leads to stress migration circuitry 550 would increase the number of input and 
output pins or leads necessary for an integrated circuit. 

Figure 7 illustrates alternate embodiment stress migration circuitry 720 for 
applying a stress migration test structure 710 as a circuit on an integrated circuit 750 in 
which there is only one tap voltage available at a time, and the tap voltage is buffered 
while being referenced to the last tap, T n+ i. Stress migration circuitry 720 includes a 
stress migration test structure 710 having taps To through T n + i at equal impedance 
intervals of stress migration test structure 710. As stated above, the impedance intervals 
need not be uniform. A power source 712, which may be a voltage or current source, 
such as a constant current source, is coupled across the stress migration test structure 710. 
For single ended operation, T n +i may be ground potential. A switching transistor 714 
has its source-drain path coupled to conduct current from power source 712 to the stress 
migration test structure. The gate 716 of transistor 714 provides a node that may be used 
to switch the state of transistor 714 between an off state and an on state. Transistor 714 
may be employed as an on-off switch to control power to stress migration test structure 
710. 

Switches M o through M n + 1 are each coupled between a corresponding one of 
intermediate taps T 0 through T n + 1, and output node 718. In the illustrative embodiment, 
the switches are metal oxide semiconductor (MOS) transistors. Switches Mo through M n 
+ 1 are controlled by switching transistor selection and driver circuit 722. Since a binary 
input of K bits to the transistor selection and driver circuit can be converted into the 
drives for all n + 1 transistors driven by circuit 722, a K bit counter 724 is provided to 
count through each of the possible bit combinations either automatically or one step at a 
time. The counter input and output amplifier output could be coupled to pins on an 
integrated circuit, directly to dedicated pins or multiplexed to shared pins, as described 
above, to provide the output. 
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The voltage between a given tap, for example tap T L , identified by counter 724 
and a reference point, such as tap T n+ i, is provided at output 726 of output amplifier 728 
and retained. The counter increments or decrements to the next count which provides the 
voltage at an adjacent tap, T L +i or T u depending on how the counter is implemented. 
For this example, assume the counter increments such that output 726 steps from a tap of 
a smaller reference numeral to a tap of a larger reference numeral. Thus, after tap T L , tap 
T L+ i is coupled to output 726. The voltage developed at tap T l+i is measured at output 
726 and recorded. Each of the voltages at taps T L and T l+i are measured relative to the 
tap T n +i, which may be ground. Knowing the current passing through all of the series 
impedances R\ through R„, and the voltages at taps T L and T L +i, the impedance between 
taps T L and T l+i can be calculated and compared to a threshold or known theoretical 
expected impedance, with tolerance, to determine whether a stress migration void exists 
between taps T L and Tl+i. Repeating this process for all adjacent pairs of taps in stress 
migration test structure 710 results in the entire stress migration test structure providing 
information regarding the presence or absence of stress migration voids. This alternate 
embodiment circuitry 720 may evaluate the presence or absence of stress migration voids 
either at wafer probe or after a die is packaged as an integrated circuit. 

Switches M\ through M n +i are coupled between corresponding intermediate taps 
Ti through T n+ i and output node 718. Switching transistors Mi through M n+ i are 
controlled by switching transistor selection and driver circuit 722 as is known in the art. 
Transient capacitor-charging currents due to transistor Mi through M n +i being switched 
are allowed to go to zero or the circuit is allowed to settle. 

While the resistor string of a stress migration test structure 10 of Figure 1 is 
illustrated as being fabricated in a single layer of conductive conductor, the invention is 
not limited thereto. The resistor string may be fabricated in more than one level of 
conductive conductor with the portion of the resistor string fabricated in each layer of 
conductive conductor being able to detect stress migration voids in the respective layer of 
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conductive conductor in which it is fabricated. The portions of the resistor string 
fabricated in various layers of conductive conductor are interconnected by vias, such as 
illustrated in Figure 8. In Figure 8, a first portion 810a of a resistor string 808 of a stress 
migration test structure 810 is fabricated in metal layer 812, a second portion 810b of 
5 stress migration test structure 810 is fabricated in metal layer 814 and a third portion 
810c of stress migration test structure 810 is fabricated in metal layer 816. Metal layers 
812 and 814 are interconnected by via 818. Metal layers 814 and 816 are interconnected 
by via 820. Other layer interconnection techniques may also be utilized. A stress 
migration test structure having a resistor string, fabricated of a doped polysilicon or other 
m 10 conductive material, on more than one level of conductive interconnects can have the 
g various levels interconnected in a similar manner, as is known in the art. 

O While the illustrative embodiment of the invention has been described in the 

SS 

yj context of a silicon wafer and a dielectric of silicon dioxide, the invention is not limited 

s | thereto. The invention may be used in any wafer processing technology including but not 

s 15 limited to silicon, gallium arsenide, indium phosphate, and silicon germanium and with 
p any conductive material for the runner including but not limited to such materials as 

j 5 ** aluminum, aluminum alloy, gold, refractory metal, copper, copper alloy, gold, gold alloy, 

Q silver, silver alloy, tungsten, doped polysilicon or layered combination of materials such 

as layers of metals or doped polysilicon covered by metals. Blanket layers may be 
20 deposited and subsequently patterned in the shape desired. 

The invention provides a uniquely non-destructive test structure specific to stress 
migration voids. The invention provides an improvement in speed of test and enhanced 
reliability for integrated circuits by providing for the automated detection of stress 
migration voids in a conductor. Furthermore, the invention identifies the segment of the 
25 stress migration test structure, and hence the location of the stress migration void, for 

further evaluation or inspection. The invention also enhances integrated circuit reliability 
by providing access to the stress migration test structure after the chip has been 
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encapsulated in a package as an integrated circuit, permitting detection of stress 
migration voids while integrated circuits are in a simulated accelerated aging 
environment or while integrated circuits are in the actual environmental conditions under 
which integrated circuits are stored and used. 
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